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CHAPTER 1. GENERAL INTRODUCTION 
Fusarium verticillioides (Sacc.) Nirenberg. (syn. F. moniliforme J. Sheld.) is 
one of the most prevalent fungi associated with maize (Zea mays L.) (Marasas, 
2000; Miller, 2001 ), causing reductions in crop yield worldwide (Burgess, 1981; 
Marie, 1981; Logrieco et al; 2002; Srobarova et al, 2002). The pathogen causes 
seed rot, seedling disease, stalk rot, root rot and ear rot (McGee, 1988; Yates et al, 
2003), and it may colonize maize at all growth stages without causing symptoms 
(Foley, 1962; Messiaen and Cassini, 1981; Munkvold and Desjardins, 1997; 
Munkvold et al, 1997). 
Historically, the major economic loss caused by Fusarium species attacking 
maize stalks and ears was attributed to lodged plants that escaped mechanical 
harvest (Kingsland and Wernham, 1962; Cassini, 1981), and the risk of mycotoxin 
accumulation in the kernels was rarely considered. F.verticillioides produces a wide 
range of mycotoxins that includes fusaric acid, fusarins, and fumonisins (Ritieni et al, 
1997; Desjardins and Proctor, 2001 ). From this group of mycotoxins, fumonisins are 
the most recently discovered (Gelderblom et al, 1988) and fumonisin 81 (FB1) is the 
most prevalent fumonisin (Munkvold, 2003c). These toxins have been associated 
with human esophageal cancer, pulmonary edema in pigs, equine 
leukoencephalomancia, and cancer-promoting activity in rats (Marasas, 2001; Voss, 
2002; Gelderblom, 2004 ). 
There are no agronomic practices or chemical treatments known to effectively 
reduce the levels of fumonisins in the field (Saunders, 2001) and these toxins are 
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not destroyed by methods used for food processing (Munkvold and Desjardins, 
1997). As a consequence, fumonisins have been detected in corn-based food in 
North America, Central America, South America, Europe, and Africa (Ono et al, 
1999; Gutema et al, 2000; Marasas, 2001; EMAN, 2003). In 2001, the United 
States, Food and Drug Administration established guidelines with the objective of 
reducing the levels of fumonisins entering animal and human food (FDA, 2001 ). 
Fumonisins are present in symptomatic and asymptomatic kernels (Bullerman 
and Tsai, 1994; Desjardins et al, 1998; Bush et al, 2004), although fumonisin 
production is not required to cause infection or ear rot (Desjadins et al, 2002; Proctor 
et al, 2002). 
There are reports of F. verticillioides growing under a wide range of 
environmental conditions. It has been frequently associated with drought stress (El-
Meleigi et al, 1983; Arino and Bullerman, 1994; Miller et al, 1995; Miller, 2001) and 
high temperatures (Reid, 1999; Vigier et al, 1997). Other reports relate incidence 
with high rainfall the month preceding harvest (Ono et al, 1999); and high rainfall, 
humidity and lower temperatures (Gamanya and Sibanda, 2001 ). 
Biology of Fusarium verticillioides 
F. verticil/ioides is a ubiquitous non-obligate parasite, and when it is associated with 
corn, it is often referred as an endophyte because it causes symptomless infections 
(Kuldau and Yates, 2001 ). Gibberella moniliformis Wineland is the sexual stage for 
F. verticil/ioides (Desjardins, 2003). Currently, F. verticil/ioides is considered the 
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predominant species causing Fusarium ear rot, but depending on the geographical 
area, other Fusarium species may be predominant (logrieco et al, 2003) 
Identical symptoms in maize can be caused by F. verticillioides, F. 
subglutinans and F. proliferatum. Fusarium verticillioides was first described by 
Saccardo as Oospora verticillioides in 1882 (Desjardins, 2003). Its existence was 
not recognized by Sheldon in 1904 who described F. moniliforme as the maize 
pathogen associated with mycotoxicosis in horses. In 1976, Nirenberg rejected F. 
moniliforme as a synonym of Oospora verticillioides, and proposed F. verticillioides 
as the correct name instead (Desjardins, 2003). 
Many reports in the 20th century included F. verticillioides, F. subglutinans and 
F. proliferatum under the name of F. moniliforme (O'Donnell, 1996; Munkvold, 
2003b). It was not until the 1970s when F. proliferatum was considered a separate 
species from F. moniliforme (syn. F. verticillioides) by Nirenberg; and in 1983, F. 
subglutinans was considered a separate species by Nelson, who included the three 
different species under one section, based on morphology. For the last 40 years, 
the name F. moniliforme was used to refer to at least six isolated mating 
populations, including the ones that are common in maize (Seifert et al, 2003). 
Therefore, reports from older literature do not correspond to the current species 
concept (Desjardins and Proctor, 2001; Seifert et al, 2003). 
The fungus forms macroconidia in sporodochia and chains of microconidia 
(Burgess, 1981 ). Macroconidia are less common than microconidia (Ooka and 
Kommedahl, 1977), and perithecia are uncommon under field conditions (Leslie, 
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2001 ), although high levels of fertility among field isolates has been documented 
(Srobarova et al, 2002). 
Visible symptoms occur more often in senescent and injured plants (Foley, 
1962), but the pathogen can be isolated at all stages of plant development from 
leaves and nodes (Sumner, 1968; Messiaen and Cassini, 1981 ). In the stalk, 
symptoms include deterioration and discoloration of stalk parenchyma (Foley, 1962; 
Todd and Kommedahl, 1994 ), and lodging, as a result of the decay of structural 
tissues, except for the vascular bundles and outer rind (Munkvold, 1996). In the 
ears, infected kernels are random or associated with insect injury, and covered by a 
white-pinkish mold (McGee, 1988, Logrieco et al, 2003, Munkvold, 2003c). 
F. verticil/ioides moves intercellularly (Pennypacker, 1981; Bacon et al, 1992; Bacon 
and Hinton, 1996; Yates et al, 1997), and it may be associated with vascular bundles 
of stalks and ear peduncles at maturity (Lawrence et al, 1981 ). Accumulation of 
pathogenesis-related proteins has been observed in the parenchymatous cells 
during protoxylem differentiation of infected maize seedlings (Murillo et al, 1997), 
which could be related to the limited invasion of the vascular bundles. 
Fusarium verticillioides is not abundant in the soil, and accounts just for a 
small proportion of the total of pathogens isolated from corn residue (Ooka and 
Kommedahl, 1977; Warren and Kommedahl, 1973; Kommedahl and Windels, 1981; 
Rheeder and Marasas, 1998). Although studies conducted by Cotten and Munkvold 
(1998) showed the fungus was able to survive in artificially inoculated corn stalks 
over a 600-day period in the soil surface or buried 30 cm deep in the soil. Corn 
debris is a substrate for microconidia formation and serves as inoculum source for 
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the next growing season, when roots grow through the buried corn residue (Nyvall 
and Kommedahl, 1968). 
Conidia are the most important inoculum for ear rot and symptomless 
infection of kernels (Munkvold, 2003). Silks and insect damage are the most 
significant modes of entry for F. verticillioides (Ooka and Kommedahl, 1977, 
Munkvold et al, 1997; Vigier et al. 1997) in ears and kernels, although other infection 
courts listed for F. verticillioides include wounded roots, crown, nodes, internodal 
cracks, silks, ears, stomata, leaf bases and internodal roots (Kingsland and 
Wernham, 1962; Sumner, 1968; Lawrence, 1981; Kommedahl and Windels, 1981; 
Pennypacker, 1981, Bacon and Hinton, 1996, Oren 2003). 
Fusarium verticillioides can be seed transmitted, but the importance of seeds 
as source of systemic infection and inoculum for ear rot is controversial (McGee, 
1988; Munkvold, 2003b); and it will be the focus of this research. Foley (1962) 
suggested the fungus moves systemically within the plant without causing symptoms 
and this infection may originate from seeds. In his experiments, the incidence of 
whole plants, nodes and internodes from which F. verticillioides was recovered 
increased with the progression of the growing season. Research conducted by 
Sumner (1968) showed that removal of pedicels and abscission layer from infected 
kernels decreased the incidence of infection with F. verticil/ioides. The fungus was 
localized in the pedicel and from there, as Foley (1962) suggested, it may ramify in 
certain tissues of the plant systemically without causing visible symptoms, surviving 
saprophytically in the intercellular spaces of the root of young plants. These findings 
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are important because they demonstrated F. verlicillioides can be isolated from 
asymptomatic plants, and seed infection leads to systemic infection. 
Kuchareck and Kommedahl (1966) challenged Foley (1962)and suggested 
that soilborne and air-borne inoculum are more important than the seed-borne 
inoculum, and that kernel infection does not lead to systemic infection. To test the 
hypothesis that stalk rot can develop from airborne inoculum, they inoculated leaves 
of 2-week-old plants. After 30 days, one-third of the inoculated plants were stunted 
and showing symptoms. The researchers concluded that inoculation of the leaf 
base results in systemic infection of neighboring internodes, and seeds are not an 
important source for systemic infection. 
Given these discrepancies, Kedera et al (1994) conducted the first study that 
involved vegetative compatibility as a marker to differentiate a seed-inoculated strain 
of F. verticillioides from other strains in the field. At maturity, the percent of recovery 
of the seed-inoculated strain was 65% from the crown of the stalks, 45% from 
nodes, 10.4% from cobs, and 8.4% from kernels. These results confirmed the 
occurrence of seed-to-seed transmission when seeds are infected with F. 
verticil/ioides. Additional research was conducted by Munkvold and Carlton (1997) 
and Munkvold et al (1997) to compare the relative importance of silks and seeds as 
pathways for kernel infection by F. verlicillioides. Their results demonstrated that 
field-infected seed (through silks) leads to higher incidence of systemic infection 
than laboratory-inoculated seed, and seed infection may lead to kernel colonization, 
although the recovery of the seed inoculated strain varied greatly. It was also 
demonstrated that competition with other strains may occur within the same plant 
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when inoculation occurs at different points. For example, silk-inoculated strains 
reduced the incidence of the seed-inoculated strain (Munkvold and Carlton, 1997). 
Munkvold et al (1997) described the transmission of F. verticillioides from seed to 
seed in four steps that include a) seed to seedling transmission, b) colonization of 
the stalk c) movement into the ear and d) colonization within the ear. Their 
experiments showed seed-seedling transmission occurs frequently, but the 
movement from the crown to higher internodes in the stalk seems to be limited. It is 
accepted that environmental stresses may predispose the plant to infection (Cassini, 
1981; Munkvold, 1996), so the hypothesis is this step might be determined by 
growth stage and controlled by environmental conditions. It is important to have a 
better knowledge of the environmental factors that influence the incidence of 
infected kernels because although sources of resistance to F. verticillioides have 
been identified, highly resistant cultivars are not available (Bush et al. 2004). 
Temperature may be one factor that determines the extent of invasion of the 
stem by ear rot fungi (Marie, 1981 ). Fusarium verticil/ioides is more frequent in 
regions with hot and dry summers (Messiaen and Cassini, 1981; El-Meleigi et al, 
1983; Arino and Bullerman, 1994; Shelby et al, 1994, Vigier et al, 1997; Doohan et 
al, 2003) and with these conditions before or during pollination (Pascale et al, 2002; 
Bush et al, 2004). The pathogen grows well at temperatures above 26°C (Reid et al, 
1999), and at temperatures below 20°C, although the growth in the latter is highly 
dependent on water availability (Marin et al, 1995; Marin et al, 1998; Etcheverry, 
2002). This wide range of temperatures includes those for optimal growth of corn, 
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although F. verticillioides would have the advantage at more extreme temperatures 
to be able to grow when conditions for plant growth and other fungi are not optimal. 
Soil moisture deficit during flowering and milk stages decreases plant vigor, 
and increases susceptibility to infection (Marie, 1981) while Fusarium is more active 
and survives best in dry soils (Cook, 1981). In Canada, Miller et al (1995) related 
high incidence of fumonisins with years that had just about 50% of the normal 
precipitation, with no drastic temperature fluctuations. Shelby et al (1994) found a 
negative correlation between precipitation and fumonisin content, which supports 
drier conditions at or prior to pollination may have an important role in 
F. verticillioides incidence and fumonisin accumulation. These results are contrary 
to those obtained Ono et al (1999) and Gamanya and Sibanda (2001 ), which related 
high incidence of ear rot to high rainfall and humidity in Northern Brazil and 
Zimbabwe, respectively. Although temperature and moisture influence the 
development of the disease, temperature by itself could cause a stress in the plant 
that favors the movement of the fungus from the stalk to the kernels. 
Research Objective 
To determine how different temperature treatments affect the systemic 
colonization of maize stalks and subsequent kernel invasion by F. verticillioides. 
Thesis Organization 
This thesis is organized in three chapters. Chapter one is the general 
introduction. Chapter two is an article to be submitted to Plant Disease entitled 
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"Systemic infection of maize by Fusarium verticillioides under three temperature 
regimes". Chapter three is the general conclusion of this project. 
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CHAPTER 2. SYSTEMIC INFECTION OF MAIZE BY Fusarium verticillioides 
(Sacc.) Nirenberg UNDER THREE TEMPERATURE REGIMES 
A paper to be submitted to Plant Disease 
Adriana Murillo-Williams, Amy L. Wilke, Denis McGee, and Gary P. Munkvold 
Abstract 
Fusarium verticillioides is important in maize production because it causes 
ear rot, seedling decay, stalk rot, and fumonisin contamination in kernels. Systemic 
infection by F. verticil/ioides leads to maize (Zea mays L.) kernel infection. In 
previous studies, the frequency of systemic transmission of the fungus was variable, 
and this was attributed to environmental factors. In this study, the effect of 
temperature on systemic development of F. verticillioides was investigated during 
vegetative and reproductive stages of plant development. There were three 
temperature treatments designed to simulate the seasonal progression in Iowa. 
Maize seeds were inoculated with a GFP (green fluorescence protein)-expressing 
strain of F. verticillioides and grown in growth chambers. In experiment one 
(vegetative stage), temperature treatments were imposed when plants reached V6 
stage, and sampled at tasseling (VT stage, 9 weeks after planting). In experiment 
two (reproductive stage), the same treatments were imposed when plants reached 
VT stage, and sampled at physiological maturity (R6 stage, 16 weeks after planting). 
F. verticil/ioides was reisolated from crown, primary roots, and mesocotyls at all 
temperatures regimes. Reisolation of the inoculated strain declined acropetally in 
above ground internodes at all temperature regimes. There was a significantly 
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higher incidence of systemic development of F. verticillioides in above ground 
tissues at the high temperature regime than at the low and average temperature 
regimes in the vegetative-stage and reproductive-stage experiments. The highest 
mean kernel infection with the seed inoculated strain was 7.5%, under the average 
temperature treatment. Overall, the influence of high temperature on systemic 
movement of F. verticillioides was significant on the proportion of total internodes 
that were infected, although there was no evidence of a temperature effect on the 
number of infected kernels (either symptomatic or asymptomatic), and ear 
peduncles that yielded the inoculated strain. F. verticil/ioides was isolated from 
higher internodes in plants at physiological maturity. Other environmental factors 
may interact with temperature in ways that influence systemic movement of F. 
verticillioides and it subsequent movement into the kernels. 
Introduction 
Fusarium verticillioides (Sacc.) Nirenberg (syn. F. moniliforme J. Sheld.) 
causes seed rot, seedling diseases, ear rot, and stalk rot of maize (Zea mays L.) 
(McGee, 1988; Yates et al, 2003). Fusarium verticillioides is the most prevalent 
fungus associated with maize (Nelson, 1992; Marasas, 2001; Miller, 2001) and 
causes reduction in crop yield worldwide (Burgess, 1981; Marie, 1981; Logrieco et 
al., 2002; Srobarova et al., 2002). Fusarium verticillioides produces a wide range of 
mycotoxins that includes fusaric acid, fusarins, and fumonisins (Ritieni et al, 1997; 
Desjardins and Proctor, 2001 ). Fumonisins are the most prevalent (Munkvold, 
2003c) and they have been associated with human esophageal cancer, pulmonary 
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edema in pigs, equine leukoencephalomancia, and cancer-promoting activity in rats 
(Marasas, 2001; Voss, 2002; Gelderblom, 2004). 
The main pathways for kernel infection and ear rot caused by F. verticillioides 
are through silks and insect wounds (Ooka and Kommedahl, 1977; Munkvold et al, 
1997; Vigier et al, 1997). The fungus also colonizes maize stalks systemically 
without causing visible disease symptoms (Foley, 1962; Kedera et al., 1994; 
Munkvold et al, 1997), and F. verticillioides strains can reach kernels through 
systemic stalk infection (Munkvold et al, 1997). 
The role of seeds as a source for systemic infection and ear rot is 
controversial. Previous studies of systemic infection from inoculated seed have led 
to a variety of results. Kedera et al ( 1994) conducted the first study that involved 
vegetative compatibility as a marker to differentiate the seed-inoculated strain of 
F. verticil/ioides from other strains in field experiments. At plant maturity, the percent 
of recovery of the seed-inoculated strain was 65% from the crown, and decreased 
gradually in plant tissues above ground. These authors reported 8.4% of kernels 
yielded the seed-inoculated strain. Munkvold and Carlton (1997) and Munkvold et al 
(1997) confirmed that seed infection can lead to kernel colonization, although the 
recovery of the seed-inoculated strain from ears varied greatly. Munkvold et al 
(1997) described the transmission of F. verticillioides from seed-to-kernels in four 
steps that include a) seed to seedling transmission, b) colonization of the stalk, c) 
movement into the ear, and d) colonization within the ear. Their experiments 
showed seed-seedling transmission occurs frequently, but the lack of movement 
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from the crown to higher internodes in the stalk seems to limit systemic colonization 
of the kernels. 
Temperature may be one factor that determines the extent of invasion of the 
stem by ear rot fungi (Marie, 1981 ). Fusarium vertici/lioides is more frequent in 
regions with hot and dry summers (Messiaen and Cassini, 1981; El-Meleigi et al, 
1983; Arino and Bullerman, 1994; Shelby et al, 1994, Vigier, 1997; Doohan et al, 
2003) and with these conditions before or during pollination (Pascale et al, 2002; 
Bush, 2004). Fusarium vertici/lioides grows well at temperatures above 26°C (Reid 
et al, 1999). The calculated optimal and maximum temperatures for growth of F. 
verticillioides are 31 and 35°C, respectively, and 22 to 24°C the suggested range for 
minimal growth (Stewart et al, 2002), although there are reports of F. verticillioides 
growing at temperatures below 20°C, and the effect of temperature is influenced by 
water availability (Marin et al, 1998; Etcheverry, 2002). This wide range of 
temperatures includes those for optimal growth of corn and beyond, which gives F. 
verticillioides the advantage of being able to grow at temperatures that keep the 
plants under stress. 
We hypothesize that temperature may be the limiting factor for stalk-to-kernel 
movement of F. vertici/lioides by affecting both plant and fungal growth. The 
objective of this work is to assess the effect of three temperature treatments on the 
systemic movement of F. verticillioides in maize plants. 
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Materials and Methods 
Two sets of experiments were conducted in order to assess the effects of 
temperature on systemic development of Fusarium verticillioides (Sacc.) Nirenberg. 
(syn. F. moniliforme J. Sheld.) during maize vegetative and reproductive stages. 
Fusarium verticillioides was transformed with a gene for green fluorescent 
protein (GFP) and hygromycin B resistance (transformant TXl-79) (Wilke, 2002). 
Pathogenecity and growth were not affected in the transformant, compared to the 
wild type (Wilke, 2001 ). lnoculum from TXl-79 was prepared from 7-d-old cultures 
grown in complete medium including xylose (Leach et al., 1982). The inoculum 
consisted of conidia obtained by flooding a Petri dish with 4 ml of sterile distilled 
water and then pouring it through sterile cheesecloth into a sterile Erlenmeyer flask. 
The concentration of the inoculum suspension was 106 conidia·L-1(Wilke, 2002). 
The ability of the fungus to cause stalk infection was not affected by the 
transformation (Wilke, 2002). 
Fungal colonies were confirmed as TXl-79 when GFP expression was 
observed in mycelium growing from seeds and plant tissues. Fungal colonies were 
examined with a Zeiss Axioplan 2 compound microscope fitted with epifluorescence 
Hg 1 OOw lamp, and a filter cube for GFP (excitation wavelength = 395 nm; emission 
wavelength = 598 nm). 
Vegetative stage experiments: The maize hybrid 'Cargill 1077' (Cargill, 
Minneapolis, MN) was selected because of short stature and early maturity. Seeds 
of the hybrid were surface disinfested with a solution of 0.5% sodium hypochlorite for 
2 min and then washed with sterile distilled water for 30 s. The dry seeds were 
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placed in Erlenmeyer flasks with 70 ml of F. verticillioides TXl-79 inoculum or sterile 
distilled water (controls), and then placed on an orbital shaker at 120 r·s-1 for 12 h. 
Before planting, inoculated and control seeds were placed in separate hoods to dry 
for 2 h (Wilke, 2002). 
To test incidence of seed infection, 25 inoculated and 25 non-inoculated 
seeds from each batch were surface disinfested with a 10% sodium hypochlorite 
solution for 5 min, 70% ethanol for 3 min and sterile distilled water for 2 min, and 
then placed on Nash-Snyder medium (NSM) (Nash and Snyder, 1962) with 2 mg·L-1 
hygromycin B (five seeds per petri dish). Another 25 inoculated seeds were placed 
on the same medium without surface disinfestation. The seeds were incubated in 
the dark at 25 °C for 5 d to allow fungal growth. The proportion of seeds with TXl-79 
colonies was recorded. 
Twenty-five inoculated seeds and 1 O non-inoculated seeds were hand-
planted in 15.3-cm-diameter clay pots (two seeds per pot), randomly arranged in 
each of three growth chambers. The pots contained 2 parts soil: 1 part vermiculite: 
1 part sphagnum peat (by volume). After emergence, pots were thinned to one plant 
per pot. 
Three temperature treatments were used to simulate a range of conditions in 
Iowa during the growing season (Wilke, 2001 ), based on a 10-year study of 
temperatures in the state (Elford and Shaw, 1960). Each growth chamber had a 
different temperatures regime, and temperatures were changed weekly to follow the 
seasonal progression (Tables 1 and 2). Treatments consisted of: a) average (based 
on the average temperature in Iowa); b) low (two standard deviations below 
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average); and c) high (two standard deviations above average). Day temperatures 
were maintained during a 14-h light period and night temperatures during a 10-h 
dark period. The light source was a combination of fluorescent light and 
incandescent light bulbs. The recorded mean photosynthetically active radiation 
(PAR) intensity was 350 µmol m·2 s·1. Data loggers were placed in the growth 
chambers to record air and soil temperatures every hour. 
Plants in all three treatments grew until growth stage V6 (Ritchie et al, 1992) 
(four weeks after planting) under the high-temperature regime (Table 1 ). Five weeks 
after planting, the three temperature treatments were imposed, one in each growth 
chamber until sampling. The recorded vs. programmed air temperatures in the 
growth chambers are listed in Table 2. The recorded variation between actual air 
and soil temperatures was small. The maximum recorded difference was 0.7°C. 
Vegetative stage experiments: When plants reached the tasseling stage 
(VT) (eight to nine weeks after planting), their height from the crown to the last fully 
developed leaf was recorded and they were removed from the pots. The stems 
were then cut into 20-cm segments and surface disinfested with a 10% sodium 
hypochlorite solution for 5 min, 70% ethanol for 3 min; and sterile distilled water for 2 
min. A 2-cm portion from the center of each internode of each plant was split 
longitudinally, and both segments were placed in culture plates with the cut part of 
the stalk in contact with the medium (Nash-Snyder with hygromicin). The shank 
(peduncle of the ovulate inflorescence), crown, mesocotyls, and five 2-cm-long 
pieces of the primary root were also placed in culture. The material was kept in the 
dark for 6 d at room temperature and then microscopically examined for GFP-
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expressing fungal colonies. Plant segments from which F. verticillioides TXl-79 
strain grew were scored as positive and the percent of positives was calculated for 
each plant tissue. 
Temperature treatments were replicated three times. In every replication 
each growth chamber had 25 inoculated plants and 10 non-inoculated plants (a total 
of 75 inoculated and 30 non-inoculated plants were evaluated for each temperature 
treatment). A total of 4393 internodes, and 1854 underground tissues (root 
segments and mesocotyls) were examined. 
Reproductive stage experiments: Plants grown from inoculated and non-
inoculated seeds in all three temperature treatments grew until growth stage VT 
(Ritchie et al, 1992) (nine weeks after planting) under a high temperature regime 
(Table 1 ). Ten weeks after planting, the three temperature treatments were 
imposed, one in each growth chamber. The recorded vs. programmed temperatures 
in the growth chambers are listed in Table 2. The tassels of plants grown from 
inoculated were removed. Pollen from non-inoculated plants was collected to hand 
pollinate all plants in each growth chamber at least two times, 2-3 d after silk 
emergence. 
When plants reached growth stage R6 (physiological maturity), their height 
from the crown to the flag leaf was recorded. The plants were then removed from 
the pots, aseptically cut into 20-cm segments and surface disinfested with a 10% 
sodium hypochlorite solution for 5 min, 70% ethanol for 3 min; and sterile distilled 
water for 2 min. The same plant tissues as in the vegetative stage experiments 
were placed in culture. From the harvested ears, 25 symptomless kernels were 
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arbitrarily selected and placed in culture, as well as all kernels showing symptoms or 
signs of Fusarium ear rot (starburst or white mycelium on top). If there were fewer 
than 25 kernels on an ear, all the kernels were placed in culture. The material was 
kept in the dark for 6 d at room temperature (25°C) and then examined with a 
microscope for GFP expression. We examined a total of 4336 internodes, 1848 
under ground tissues (crown, mesocotyls, and root segments), 6574 kernels, and 
325 peduncles. Plant segments and kernels from which F. verticillioides TXl-79 
strain grew were scored as positive and the total of positives was recorded for each 
plant tissue. 
We recorded the highest internodes from which F. verticil/ioides was 
recovered. The mean of these values was calculated for each replication of 
temperature by inoculation combination. In addition, the total number of colonized 
above ground internodes was calculated for each replication of each treatment 
combination. There were three replications for each temperature; however, the data 
from the second replication of the average temperature treatment of the reproductive 
stage experiment was not utilized due to technical problems with the growth 
chamber. 
Effects of temperature on plant height, proportion of infected kernels, infected 
peduncles, and highest internode colonized by the fungus, and total internodes 
colonized were each fitted to a mixed linear model having fixed effects for 
temperature, treatment, and their interaction, and a random effect for replicate 
nested within temperature (used for testing the main effects of temperature). 
Analyses were conducted with the MIXED procedure of SAS® (SAS, Cary, NC.). 
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Results 
One hundred percent of inoculated seeds placed in culture were positive for 
F. verticil/ioides TXl-79 with and without surface disinfestation. Inoculation treatment 
did not affect time to seedling emergence (data not shown). 
The period of time for plants to reach the VT stage was 8 weeks for the high 
temperature treatments and 9 weeks for the average and low temperature 
treatments. In the reproductive-stage experiment, the time for the plants to reach 
physiological maturity was 14 weeks for the high and average temperature 
treatments; and 17 weeks for plants under the low temperature treatment. 
Plant height (data not shown) was not affected by inoculation or temperature 
treatment at VT stage or R6 stage. The trend in frequency of isolation from all 
vegetative plant tissues was the same in both experiments (Fig. 1, A and B). The 
highest frequency of reisolation (95-100%) of F. verticil/ioides TXl-79 strain occurred 
from the below ground tissues (crown, primary root, and mesocotyls) for all the 
temperature treatments and growth stages, followed by a steep decline in the 
recovery of the fungus in the above ground internodes. Differences in incidence of 
F. verticillioides TXl-79 strain between inoculated plants and controls were always 
significant, for all temperature treatments at VT and R6 growth stages (P<0.01 ). 
There was a temperature effect (P=0.041) at the VT growth stage, where the 
extent of progression of the inoculated strain in the stalk was higher for the high 
temperature treatment than for the average and low temperature treatments. This 
difference among treatments was not evident at R6, although the fungus was 
isolated from higher internodes at this growth stage than in the vegetative stage 
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experiments. Even when the inoculant was reisolated from above ground internodes 
as high as twelfth (Fig. 1 ), the mean maximum height colonized by the fungus was 
the 2nd internode for the vegetative stage experiment, and the 4th internode for the 
reproductive stage experiments (Fig. 2, A and B). From the total of internodes 
examined, the percent of internodes infected with the seed inoculated strain were 
significantly higher under the high temperature treatment, in both the VT (P= 0.0004) 
and R6 (P=0.012) experiments (Fig. 3). 
Ears were mostly associated to the ]1h internode. The percent of plants with 
the ]1h internode infected was 14.6%, 8.3%, and 27.14% for the low, average and 
high temperature treatments, respectively. Under the high temperature treatment, 
this percent was significantly higher that the low and average temperature 
treatments (P=0.047). 
From all the examined peduncles in the reproductive stage experiment, 27% 
of the total was recorded positive for the inoculated strain. None of the peduncles 
from immature ears in the vegetative stage experiment was infected. In the 
reproductive stage experiment, there was no strong evidence of effect of 
temperature treatment (P=0.068) on the incidence of F. verticillioides in shanks (Fig. 
4). 
The highest incidence of ear infection with the seed inoculated strain (ears 
with at least on infected kernel) was obtained with the average temperature 
treatment (37%). The overall mean of ear infection was 21 % (across the three 
temperature treatments). The percentage of plants with kernel infection was not 
significantly different among treatments (P=0.96). 
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The percentage of infected kernels was not different among temperature 
treatments (P=0.67). From the total of examined kernels of plants grown from 
inoculated seeds, (all three treatments), 1.7% was infected with TXl-79 and showing 
signs and symptoms, and 5.8 % was asymptomatically infected. The percent of 
kernels from non-inoculated plants that yielded F. verticil/ioides TXl-79 strain was 
0.8% (all asymptomatic) (Fig. 5). 
Discussion 
There were similarities in our results with studies on systemic infection in 
plants from inoculated seeds (Kedera et al, 1992; Cotten, 1996; Munkvold et al, 
1997; Munkvold and Carlton, 1997; Wilke, 2001 ). Wilke (2002) showed that seed-to-
seedling transmission of F. verticillioides and colonization of plants up to stage V6 
occurred equally over a wide range of temperatures. Seedborne inoculum infected 
the seedlings and remained in the below ground tissues. In our studies, seed-to-
seedling transmission also occurred at all temperature treatments in both growth 
stages. The fungus moved from the below ground tissues to above ground 
internodes as high as the 1 ih internode aboveground (Fig. 1 ), and the frequency of 
isolation from internodes decreased with height above the soil. The fungus reached 
higher internodes in the reproductive stage experiment than in the vegetative stage 
experiment (Fig. 2). These results confirm the trend in isolation of seed-inoculated 
strains described by Kedera (1992), Cotten (1996), and Munkvold and Carlton 
(1997) in plants at physiological maturity. Growth stage seems to be closely related 
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to the extent of movement of F. verticillioides within the plant; movement increased 
after pollination (Lawrence et al, 1981 ). 
In our experiments, high temperature influenced the extent of colonization 
and the total number of internodes with the seed-inoculated strain (Figs. 2 and 3). 
The same trend was observed with incidence in peduncles (Fig. 4 ), although it was 
not fallowed by incidence of kernel infection. We isolated F. verticil/ioides TXl-79 
from 22% of the ears, 27% of peduncles, and 6.5% of the kernels for all inoculated 
plants at all temperature treatments, although there was not evidence of a significant 
temperature effect among treatments. These results are similar to those obtained by 
Kedera et al (1994 ), Munkvold et al (1997), and Cotten (1996), who isolated seed-
inoculated strains from 8%, 10% and 16% of the kernels, but they are contrasting 
with the results obtained by Munkvold and Carlton (1997), who isolated seed-
inoculated strain from 28% of the harvested ears. Plants in our experiments did not 
show stalk rot symptoms at the time of sampling, and just 1.7% of the kernels were 
symptomatic. When discoloration was present in the stalk tissues, it was often free 
of the inoculated strain or other fungi, as described by Kingsland and Werham 
(1962). 
As suggested by several researchers, factors other than temperature, such as 
rainfall or water availability, or the interaction of several factors, may determine the 
extent of colonization of maize by F. verticillioides (Shelby et al, 1994; Marin et al, 
1995, Miller et al, 1995; Miller, 2001; Doohan et al, 2003). The ability of F. 
verticillioides to grow under a wide range of temperatures (Marin et al, 1995; Reid et 
al, 1999) is one factor that may have contributed to no differences in re-isolation of 
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the seed-inoculated strain from peduncles and kernels of plants at physiological 
maturity. When ears were sampled at R6, the plants had been exposed to 
temperatures that ranged from 13.6°C (dark period, low temperature treatment) to 
33.3°C (light period, high temperature treatment). This range of temperatures 
includes the optimal for fungal growth and for plant growth. Possibly the stress 
needed for enhanced colonization of kernels may have not occurred if high 
temperatures were not accompanied by water deficits. 
The seed-inoculated strain was also isolated from a small percentage of the 
control plants. Possible sources of contamination of the non-inoculated plants are 
splashing water, soil particles, and infected senescent leaves from pots with 
inoculated plants adjacent to control pots. In some cases, the contamination of the 
controls was associated with wounds in the base of the stem that could have served 
as a point of entry for the fungus. 
The use of a green fluorescent-strain facilitated the differentiation of the 
inoculated fungus from other Fusarium spp. and other contaminants in the tissue. 
In the present work, the inoculated strain was observed in the pedicel as reported in 
previous research (Foley, 1962; Sumner, 1968; Styer and Cantliffe, 1981; Bacon et 
al, 1992). From this point, the fungus may colonize the rest of the seed or the 
germinating seedling. 
Our results suggest that high temperatures influence the development of 
systemic infection within the stalk. The movement of the inoculated strain from high 
internodes in to the kernel may require other factors or their interaction with 
temperature, to occur at a higher frequency. If temperature does indeed influence 
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systemic colonization of kernels, it may require greater statistical power to detect it. 
Having more replications could also enhance the ability to detect significant 
differences among temperature treatments. 
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Fig. 1. Incidence of Fusarium verticillioides strain TXl-79 isolated from roots, 
mesocotyls, crowns, and internodes of maize plants grown from inoculated seeds 
in growth chambers. Panel A) Temperature treatments (low, average or high) 
were imposed from growth stages V6 to tasseling (VT). Panel B) Temperature 
treatments were imposed from growth stage VT to physiological maturity (R6). 
Mean from inoculated seeds at average temperatures is based on two 
replications; all other are based on three. R = root, M= mesocotyl, C=crown. 
Control line represents mean incidence of F. verticillioides TXl-79 in non-
inoculated plants for all three treatments. 
Fig. 2. Mean highest internode infected with Fusarium verticillioides strain TXl-79 in 
maize plants grown from inoculated seeds in growth chambers. Panel A) 
Temperature treatments (low, average or high) were imposed from growth stages 
V6 to tasseling (VT). Panel B) Temperature treatments were imposed from 
growth stage VT to physiological maturity (R6). Mean from inoculated seeds at 
average temperatures is based on two replications; all other are based on three. 
R =root, M= mesocotyl, C=crown. Control line represents mean incidence of F. 
verticillioides TXl-79 in non-inoculated plants for all three treatments. 
Fig. 3. Incidence of Fusarium verticillioides strain TXl-79 isolated from above 
ground internodes of maize plants grown from inoculated seeds in growth 
chambers. Panel A) Temperature treatments (low, average or high) were 
imposed from growth stages V6 to tasseling (VT). Panel B) Temperature 
treatments were imposed from growth stage VT to physiological maturity (R6). 
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Mean from inoculated seeds at average temperatures is based on two 
replications; all other are based on three. R =root, M= mesocotyl, C=crown. 
Control line represents mean incidence of F. verticillioides TXl-79 in non-
inoculated plants for all three treatments. 
Fig. 4. Incidence of Fusarium verticil/ioides strain TXl-79 isolated from ear peduncles 
of maize plants grown from inoculated seeds up to physiological maturity (R6) in 
growth chambers. Temperature treatments (low, average or high) were imposed 
from growth stage tasseling (VT) to physiological maturity (R6). Mean from 
inoculated seeds at average temperatures is based on two replications; all other 
are based on three. Bars represent standard error of mean. 
Fig. 5. Incidence of Fusarium verticillioides strain TXl-79 isolated from kernels of 
maize plants grown from inoculated seeds up to physiological maturity (R6) in 
growth chambers. Shaded area represents the percent of kernels showing signs 
(white mycelium) and symptoms (starburst and rotting). Temperature treatments 
(low, average or high) were imposed from growth stage tasseling (VT) to 
physiological maturity (R6). Mean from inoculated seeds at average 
temperatures is based on two replications; all other are based on three. Bars 
represent standard error of mean. 
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Table 1. Programmed and recorded mean temperatures in growth chambers during 
first weeks of vegetative (VT) and reproductive stage experiments (R6); before 
temperatures treatments (low, average and high) were imposed. Maize plants in 
VT experiment were exposed to these temperatures for four weeks, until they 
reached V6, and plants in R6 experiment grew under this temperature regime for 
nine weeks until they reached VT stage. 
Week Programmed day/night Recorded day/night Standard 
temperatures (°C) temperatures (°C) error 
1 23/17 23.3/17.4 0.1/0.4 
2 24/17.5 24.1/17.2 0.1/0.1 
3 27/18 26.1/18.1 0.5/0.4 
4 (V6) 28/19 27.9/19.8 0.610.7 
5 30/21 29.1/21.3 0.5/0.1 
6 31/24 29/21.7 0.6/0.5 
7 32/25 30.2/23.3 0.410.4 
8 33/25 30.5/23.9 0.410.4 
9 (VT) 34/26 30.0/23.9 0.410.7 
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Table 2. Programmed and recorded temperatures in growth chambers for each 
temperature treatment (low, average and high) of the vegetative stage and 
reproductive stage experiments. In the vegetative stage experiment, treatments 
were imposed five weeks after planting, the period of time between growth stage 
V6 and growth stage VT. In the reproductive stage experiment, treatments were 
imposed nine weeks after planting, the period of time between growth stage VT 
and growth stage R6. 
Week Programmed day/night Recorded day/night 
temperatures (°C) temperatures (°C) 
-'••-'H••••--,_,.,.,,,,.,. •• ,_,_,_,,.,,_,,._ ___ ._...,,,.,,,_.__,.,.~,,,,,,,,,,,,., ...... _..,,.,. ___ ,,.,,._,.,.._,..,..,,,. ,. ............. _. ... _..,, .. ,. __ ,, ...... _ ...... .,,,.,.,,,,. _____ ~··-·--·------ ···········-~,. .......... 
Temperature treatments Temperature treatment 
Low Average High Low Average High 
5 15.0/11.0 24.0/18.0 31.0/24.0 15.9/18.0 23.4/17.9 29.7/23.5 
6 17.0/13.0 25.5/19.0 32.0/25.0 17.4/11.5 24.3/19.2 30.9/24.8 
7 18.0/14.0 27.0/20.5 33.0/25.5 18.7/13.5 25.7/20.1 31.4/25.6 
8 20.0/16.0 28.0/21.0 34.0/26.0 20.8/15.0 28.5/18.0 31.9/26.9 
9 (VT) 22.0/17.0 22.0/16.5 
10 17.0/13.0 24.0/18.0 31.0/24.0 17.0/13.6 24.5/19.5 30.7/25.5 
11 18.0/14.0 25.5/19.0 35.0/27.0 17.5/14.0 25.5/20.6 31.9/26.0 
12 20.0/16.0 27.0/20.5 35.5/27.5 19.1/16.6 27.7/20.6 32.3/27.1 
13 22.0/17.0 28.0/21.0 36.0/28.0 21.3/17.5 28.6/21.6 33.2/25.2 
14 23.0/17.5 28.5/21.5 34.0/26.0 22.3/18.6 29.3/23.3 33.3/27.4 
15 23.5/18.0 23.9/19.0 
16 (R6) 24.0/19.0 24.0/19.6 
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CHAPTER 3. GENERAL CONCLUSIONS 
In chapter two, we concluded that F. verticillioides movement above the soil 
line within the stalk is higher in plants at physiological maturity than plants at 
vegetative growth stages. Although infected seed served as source of inoculum for 
stalk colonization, the frequency of seed-to-kernel transmission was low. 
Temperature does have an effect on movement of the fungus within the plant, 
although this is not evident in the number of infected kernels. We suggest there 
might be other environmental factors that determine the seed-to kernel movement. 
Other environmental factors may act individually or in combination with temperature 
to enhance kernel colonization. 
In our experiment, plant stress may have influenced the extent of colonization 
of the stalk and kernels. Although plants were exposed to extreme high and low 
temperatures, plants were not deprived of water. Maybe heat stress should be 
accompanied by water stress to have high percentages of incidence of infected 
kernels, and perhaps, a difference in the incidence of symptomatic kernels. Future 
research should focus on the interaction of temperatures and soil-and plant-water 
potential on the F. verticillioides seed-to-kernel transmission. Experiments should 
have enough replications to be able to detect differences. 
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